Genetic and physical interactions between the organellar mechanosensitive ion channel homologs MSL1, MSL2, and MSL3 reveal a role for inter-organellar communication in plant development by Lee, Josephine S. et al.
Washington University in St. Louis
Washington University Open Scholarship
Biology Faculty Publications & Presentations Biology
3-4-2019
Genetic and physical interactions between the
organellar mechanosensitive ion channel homologs
MSL1, MSL2, and MSL3 reveal a role for inter-
organellar communication in plant development
Josephine S. Lee
Washington University in St. Louis
Margaret E. Wilson
Washington University in St. Louis
Ryan A. Richardson
Washington University in St. Louis
Elizabeth S. Haswell
Washington University in St. Louis
Follow this and additional works at: https://openscholarship.wustl.edu/bio_facpubs
Part of the Biology Commons
This Article is brought to you for free and open access by the Biology at Washington University Open Scholarship. It has been accepted for inclusion in
Biology Faculty Publications & Presentations by an authorized administrator of Washington University Open Scholarship. For more information,
please contact digital@wumail.wustl.edu.
Recommended Citation
Lee, Josephine S.; Wilson, Margaret E.; Richardson, Ryan A.; and Haswell, Elizabeth S., "Genetic and physical interactions between
the organellar mechanosensitive ion channel homologs MSL1, MSL2, and MSL3 reveal a role for inter-organellar communication in
plant development" (2019). Biology Faculty Publications & Presentations. 166.
https://openscholarship.wustl.edu/bio_facpubs/166
Plant Direct. 2019;1–10.	 	 	 | 	1wileyonlinelibrary.com/journal/pld3
 
Received:	4	December	2018  |  Revised:	24	January	2019  |  Accepted:	11	February	2019
DOI: 10.1002/pld3.124
O R I G I N A L  R E S E A R C H
Genetic and physical interactions between the organellar 
mechanosensitive ion channel homologs MSL1, MSL2, and 
MSL3 reveal a role for inter- organellar communication in plant 
development





































to	the	 inner	mitochondrial	membrane,	while	MSL2	and	MSL3	 localize	 to	the	 inner	
plastid	membrane	and	are	required	to	maintain	plastid	osmotic	homeostasis	during	
normal	 growth	 and	 development.	 In	 this	 study,	 we	 characterized	 the	 phenotypic	 
effect	of	a	genetic	lesion	in	MSL1,	both	in	wild	type	and	in	msl2 msl3	mutant	back-
















mitochondria	 are	 involved	 in	 multiple	 cellular	 processes,	 includ-
ing	 cellular	 respiration	 and	 co-	enzyme	 synthesis	 (Rébeillé,	 Alban,	
Bourguignon,	 Ravanel,	 &	 Douce,	 2007;	 Schertl	 &	 Braun,	 2014).	
Plastids	 are	 responsible	 for	 photosynthesis	 and	 a	 range	 of	 other	








tions	 that	 take	place	 in	 the	plastid	or	mitochondrion	benefit	 from	
their	compartmentalization,	broad	metabolic	processes	are	coordi-
nated	between	 them	and	 the	 rest	of	 the	cell	 (Rolland	et	al.,	2012;	
Schrader	&	Yoon,	 2007;	 Sweetlove	&	 Fernie,	 2013).	 Furthermore,	
plastids	 and	 mitochondria	 physically	 interact	 with	 multiple	 other	
cellular	compartments,	including	the	nucleus,	peroxisomes,	and	the	




ticularly	 intimate,	 especially	 under	 stress	 conditions	 (Raghavendra	
&	Padmasree,	2003).	For	 instance,	 the	pool	of	 cytoplasmic	ATP	 is	
coordinately	produced	by	chloroplasts	and	mitochondria;	the	extent	
to	which	each	organelle	contributes	depends	on	current	conditions	
(Gardeström	 &	 Igamberdiev,	 2016).	 Mitochondria,	 chloroplasts,	
and	 peroxisomes	 collaborate	 extensively	 during	 photorespiration	
(Hodges	et	al.,	2016;	Nunes-	Nesi,	Sulpice,	Gibon,	&	Fernie,	2008).	
Mitochondrial	 activity	 is	 thought	 to	 protect	 against	 photoinhibi-
tion	 and	 oxidative	 damage	 to	 chloroplasts	 by	 dissipating	 excess	
redox	equivalents	from	the	chloroplasts	under	high	light	conditions	






The	mechanism	 by	which	 chloroplasts	 and	mitochondria	 com-
municate	 is	 not	 fully	 understood.	While	 there	 is	 evidence	 for	 the	
transfer	 of	 lipids	 via	 physical	 contact	 between	 chloroplasts	 and	
mitochondria	 (Jouhet	 et	al.,	 2004),	 further	 validation	 is	 required	




































MSL2	 and	MSL3	 are	 two	members	 of	 a	 10-	gene	 family	 in	 the	
genome	 of	Arabidopsis thaliana	 (Haswell,	 2007).	 Another	member,	
MSL1,	 is	 also	 found	 in	 endosymbiotic	 organelles.	 Subcellular	 frac-
tionation	and	GFP-	fusion	protein	 localization	experiments	demon-
strate	 that	MSL1	 localizes	 to	 the	 inner	mitochondrial	 membranes	
(Haswell	 &	Meyerowitz,	 2006;	 Lee	 et	al.,	 2016).	 The	mature	 form	
of	MSL1	provides	 a	mechanically	 activated	 ion	 channel	 activity	 in	
excised	membrane	patches	 (Lee	et	al.,	 2016).	Plants	harboring	 the	
null msl1-1	allele	(hereafter	referred	to	as	msl1)	are	indistinguishable	
from	the	wild	type	under	normal	growth	conditions.	However,	plant	 
mitochondria	 isolated	 from	msl1	 mutants	 exhibit	 increased	 trans-
membrane	 potentials	 when	 the	 F1F0ATP	 synthase	 is	 inhibited.	
Compared	to	the	wild	type,	msl1	mutants	also	show	a	larger	increase	
in	 mitochondrial	 glutathione	 oxidation	 in	 response	 to	 oligomycin,	
K E Y W O R D S
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     |  3LEE Et aL.
high	 temperature,	 and	 cadmium	 treatments,	 as	 measured	 with	 a	
redox-	sensitive	 fluorescent	 reporter	 (mito-	roGFP2).	 These	 data	
show	that	MSL1	plays	a	role	in	maintaining	mitochondrial	redox	ho-
meostasis	during	abiotic	stress,	but	how	direct	these	effects	are	and	










presses	 other	 phenotypes	 previously	 observed	 in	 the	 msl2 msl3 
mutant.	We	also	document	new	phenotypes	 in	 the	msl2 msl3	 root	
and	show	that	these	are	also	ameliorated	in	the	msl1 msl2 msl3	triple	
mutant.	Finally,	we	demonstrate	that	MSL1	and	MSL2	are	capable	of	
interacting	with	 themselves	 in	 the	split-	ubiquitin	yeast	 two	hybrid	














and	Arg-	70	 (SSR↓CN)	 respectively	 (Haswell	&	Meyerowitz,	 2006).	
Transmembrane	domains	and	overall	topology	were	predicted	with	
Aramemnon	(Schwacke	&	Flügge,	2018).	Amino	acid	sequences	were	
aligned	 using	Clustal	Omega	1.2.4	 and	 default	 settings	 (Sievers	&	
Higgins,	 2018).	 Percent	 identity	 and	 similarity	 were	 calculated	 as	
number	of	 identical	or	similar	residues	 in	the	alignment	divided	by	
the	total	number	of	positions	in	the	alignment,	including	gaps.
2.2 | Generation and validation of msl1 msl2 
msl3 triple mutant and msl1 msl2 msl3 + MSL1 g 
complementation lines
The msl1 msl2 msl3	 triple	 mutant	 was	 generated	 by	 crossing	 the	
msl1-1	 mutant	 (first	 reported	 in	 Lee	 et	al.,	 2016)	 to	 the	 msl2-3 
msl3-1	double	mutant	 (first	reported	 in	Wilson,	et	al.,	2011).	Triple	
mutant	 plants	were	 identified	 in	 the	 F3	 generation	 by	PCR	 geno-
typing.	A	 genomic	 copy	of	 the	MSL1	 locus	 (including	 all	 sequence	
from	1,207	bp	upstream	of	the	ATG	to	208	bp	downstream	of	the	
TAG,	 including	 introns)	 was	 cloned	 into	 the	 pBGW	 backbone	 to	
make	 the	molecular	 complementation	 construct	MSL1g	 (Lee	 et	al.,	
2016).	To	generate	homozygous	msl1 msl2 msl3	lines	complemented	









Plants	 were	 grown	 on	 soil	 at	 23°C	 under	 a	 16	hr	 light	 regime	
(~150	μmol m−2	s−1).	 For	 plants	 grown	 on	 solid	 media,	 seeds	 were	
surface-	sterilized,	stratified	at	4°C	in	the	dark	for	2	days	and	placed	




2.4 | Superoxide and hydrogen peroxide detection
For	 superoxide	 detection,	 21-	day-	old	 seedlings	 of	 the	 indicated	
genotypes	 were	 collected	 and	 treated	 side-	by-	side.	 First,	 they	













2.5 | Mating- based Split- Ubiquitin System
Physical	 interactions	 between	 MSL1,	 MSL2,	 and	 MSL3	 were	
determined	 using	 the	 mating-	based	 split-	ubiquitin	 system	 
described	 in	 Obrdlik	 et	al.	 (2004).	 cDNAs	 encoding	 the	 mature	
version	 of	 each	 protein	 were	 cloned	 and	 recombined	 into	 the	
destination	 vector	 pEarleyGate103	 (Earley	 et	al.,	 2006)	 using	 LR	
Clonase	 II	 (Thermo	 Fisher	 Scientific).	 MSL	 sequences	 were	 PCR-	
amplified	 from	 destination	 vectors	 using	 primers	 attB1-	F	 (5′-	
ACAAGTTTGTACAAAAAAGCAGGCTCTCCAACCACCATG-	3′)	
and	 attB2-	R	 (5′-	TCCGCCACCACCAACCACTTTGTACAAGAAAG
CTGGGTA-	3′).	 PCR	 products	 were	 co-	transformed	 with	 digested	
4  |     LEE Et aL.




and	 uracil).	 pMetYCgate and pXNGate21-3HA	 were	 obtained	 from	







3.1 | Topological comparison of Escherichia coli 
MscS and organellar Arabidopsis thaliana MscS- Like 
monomers
Both	 crystallography	 and	 biochemical	 experiments	 establish	 that	
EcMscS	 forms	 a	 homoheptameric	 mechanosensitive	 ion	 channel	
(Bass,	Strop,	Barclay,	&	Rees	2002;	Miller	et	al.,	2003).	Each	EcMscS	
monomer	 contributes	 three	 transmembrane	 (TM)	 domains	 and	 a	
relatively	 large	 soluble	 cytoplasmic	 domain.	 Like	 other	 MscS-	like	









in	 Figure	1).	Mitochondrial	 fractionation	 experiments	 suggest	 that	
the	preprotein	version	of	MSL1	is	targeted	to	mitochondria	by	the	





3.2 | Loss of MSL1 exacerbates the leaf notching, 






msl1 msl2 msl3	triple	mutants,	and	msl1 msl2 msl3	triple	mutants	com-
plemented	with	a	transgene	containing	a	genomic	copy	of	MSL1	(msl1 
msl2 msl3 + MSL1g)	(Figure	2).	As	previously	reported,	msl2 msl3	plants	
exhibit	 leaf	 notching,	 rumpling	 and	 variegation	 (Wilson	 et	al.,	 2011).	
While	 plants	 lacking	 functional	MSL1	 appeared	wild	 type,	msl1 msl2 
msl3	 triple	mutant	seedlings	showed	exacerbated	 leaf	notching,	rum-
pling,	and	variegation	compared	to	msl2 msl3	double	mutant	seedlings.	
This	effect	was	suppressed	in	msl1 msl2 msl3 + MSL1g	seedlings,	indicat-
ing	that	the	increase	in	phenotypic	severity	in	the	msl1 msl2 msl3	triple	
mutant	can	be	attributed	to	a	defect	at	the	MSL1	locus.
3.3 | msl1 msl2 msl3 triple mutants form shooty 
outgrowths in place of the ectopic calluses observed 
in msl2 msl3 double mutants
Since	the	msl1	lesion	exacerbated	leaf	phenotypes	in	the	msl2 msl3 
background,	we	hypothesized	that	the	same	would	be	true	for	other	
msl2 msl3	 phenotypes,	 including	 the	 production	 of	 meristematic	 
callus	 previously	 observed	 in	msl2 msl3	 seedlings	 grown	 on	 solid	
media	(Wilson	et	al.,	2016).	Seedlings	were	grown	vertically	on	solid	
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in over 180 msl1 msl2 msl3	triple	mutant	plants	examined.	Instead,	
shooty	outgrowths	at	the	meristem	were	observed	in	40%–60%	of	
these	seedlings.	These	outgrowths	all	arose	from	the	region	of	the	
apical	 meristem	 and	 formed	 a	 terminal	 shoot.	 Outgrowths	 some-
times	 comprized	 a	 single	 leaf;	 other	 times	 clustered	 or	 branched	
leaves	were	observed.	Shooty	outgrowths	were	never	observed	in	
msl2 msl3	plants,	nor	in	msl1 msl2 msl3 + MSL1g	plants,	and	the	pro-
duction	of	callus	was	recovered	in	msl1 msl2 msl3 + MSL1g	seedlings	
(88	of	131).	Thus,	MSL1	is	required	for	the	formation	of	callus	in	msl2 
msl3	mutants,	and	in	its	absence,	shoot-	like	growths	are	formed.
F IGURE  2 Loss	of	MSL1	exacerbates	the	leaf	notching,	rumpling,	and	variegation	observed	in	msl2 msl3	double	mutant	plants.	Images	of	
24-	day-	old	soil-	grown	seedlings	of	the	following	genotypes:	(a)	Col-0,	(b)	msl2 msl3,	(c)	msl1	(d)	msl1 msl2 msl3,	and	(e)	msl1 msl2 msl3 + MSL1 g 
plants.	The	scale	bar	represents	0.5	cm
F IGURE  3 Addition	of	the	msl1	lesion	to	the	msl2 msl3	background	causes	formation	of	shooty	outgrowths	in	place	of	ectopic	calluses.	
Close-	up	images	of	the	shoot	apex	of	seedlings	grown	vertically	on	1×	MS	media	for	21	days.	(a)	Col-	0,	(b)	msl1,	(c)	msl2 msl3	with	no	callus	
(left)	and	callus	(right);	(d)	msl1 msl2 msl3	with	no	shooty	outgrowth	(left)	and	shooty	outgrowths	(center	and	right);	and	(e)	msl1 msl2 
msl3 + MSL1 g	with	no	callus	(left)	and	callus	(center	and	right).	Asterisks	indicate	callus;	arrows	indicate	shooty	outgrowths.	The	scale	bar	
represents	1	mm.	(f)	Percentage	of	seedlings	exhibiting	no	callus,	callus,	and	shooty	callus	in	the	indicated	genotypes.	Results	from	two	
independent	experiments	are	shown	and	the	number	of	seedlings	included	in	each	is	indicated
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3.4 | MSL1 is required for meristematic 
reactive oxygen species accumulation in the msl2 
msl3 background
Double msl2 msl3	 mutants	 accumulate	 the	 reactive	 oxygen	 spe-
cies	 (ROS)	 superoxide	 (O2
−)	 and	 hydrogen	 peroxide	 (H2O2)	 at	 the	
shoot	apex	at	levels	higher	than	the	wild	type	(Wilson	et	al.,	2016).	
To	determine	 the	 role	of	MSL1	 in	 the	accumulation	of	ROS,	 seed-
lings	 were	 grown	 on	 solid	 media	 for	 21	days	 and	 stained	 with	





indistinguishable	from	the	wild	type.	In	the	apices	of	msl1 msl2 msl3 
triple	mutants,	DAB	and	NBT	 staining	were	greatly	 reduced	 com-
pared	to	msl2 msl3	double	mutants.	In	addition,	strong	meristematic	
DAB	 and	 NBT	 staining	 was	 recovered	 in	 msl1 msl2 msl3 + MSL1g 
plants,	indicating	that	MSL1	is	required	for	meristematic	ROS	accu-











3.5 | msl2 msl3 mutants have shorter roots and few 
lateral roots per unit length, and MSL1 is partially 
required for these root defects
Only	 aerial	 phenotypes	of	 the	msl2 msl3	mutant	 have	been	docu-
mented.	To	begin	to	assess	root	phenotypes	in	this	mutant,	we	grew	
seedlings	vertically	on	solid	media	for	13	days.	As	shown	in	Figure	5,	
msl2 msl3	 seedlings	had	primary	 roots	 averaging	1.4	cm	 in	 length,	
over	 four	 times	 shorter	 than	Col-	0	 roots,	which	 averaged	 6.8	cm.	
Additionally,	msl2 msl3	mutants	 formed	very	 few	 lateral	 roots,	 av-
eraging	0.39	lateral	roots/cm	compared	to	the	wild	type	average	of	










in	 a	 statistically	 separate	group.	 In	 summary,	 the	primary	 roots	of	
msl2 msl3	seedlings	are	shorter	than	the	wild	type	with	fewer	lateral	
roots	per	cm.	Further,	MSL1	is	required	for	the	observed	short	root	
phenotype,	 and	 appears	 to	 be	 involved	 in	 the	 reduction	 in	 lateral	
roots.
3.6 | MSL1, MSL2, and MSL3 interact in 
an organelle- specific manner
To	 begin	 to	 assess	 whether	 these	 genetic	 relationships	 might	 be	
mediated	 through	direct	protein-	protein	 interactions,	we	used	 the	
mating-	based	split-	ubiquitin	system	(mbSUS),	a	version	of	the	clas-
sic	yeast	two	hybrid	modified	for	the	analysis	of	membrane	protein-	




the	 cleavage	 of	 an	 artificial	 transcription	 factor	 (LexA-	VP16)	 that	
is	 translationally	 fused	 to	 Cub,	 thereby	 allowing	 activation	 of	 re-
porter	genes.	We	tested	mature	 (lacking	 transit	peptides)	versions	
of	MSL1,	MSL2,	 and	MSL3	 for	 interaction	 in	 this	 assay	 (Figure	6).	
Mating	yeast	strains	expressing	MSL1,	2,	or	3-	Cub-	LexA	to	a	strain	
expressing	NubWT,	a	version	of	Nub	that	does	not	require	interaction	
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for	 growth,	 led	 to	 growth	 on	 drop-	out	 media.	 Mating	 them	 to	 a	
strain	with	an	empty	NubG	vector	did	not.	We	observed	that	MSL1-	
Cub-	LexA	 interacted	with	MSL1-	NubG,	 but	 not	with	MSL2-	NubG	
nor	MSL3-	NubG.	 On	 the	 other	 hand,	MSL2-	Cub-	LexA	 interacted	
strongly	with	MSL2-	NubG	and	MSL3-	NubG.	MSL3-	Cub-	LexA	only	








signaling	 or	 metabolic	 pathways	 to	 coordinate	 cellular	 responses	
(Bobik	&	Burch-	Smith,	2015),	prompting	us	to	initiate	an	analysis	of	
the	genetic	and	physical	interactions	between	three	members	of	the	
MscS-	Like	 (MSL)	 family	 of	 mechanosensitive	 ion	 channels.	 These	
three	proteins	 are	 localized	 to	 the	mitochondria	 (MSL1,	 Lee	et	al.,	
2016)	or	to	the	chloroplast	(MSL2	and	MSL3,	Haswell	&	Meyerowitz,	
2006).	While	msl1	 mutant	 plants	 have	 no	 obvious	 developmental	





number	 of	 lateral	 roots	 than	 the	wild	 type.	 In	 addition,	we	 found	
that	 introducing	 the	msl1	 allele	 into	 the	msl2 msl3	background	ex-
acerbated	leaf	phenotypes	but	ameliorated	callus	production,	ROS	
accumulation,	and	the	root	phenotypes.
There	 are	 multiple	 molecular	 explanations	 for	 genetic	 inter-
actions	 between	 proteins	 localized	 to	 different	 compartments.	
One	 possibility	 is	 that	 they	 are	 actually	 not	 in	 different	 com-
partments;	 that	 MSL1	 could	 move	 to	 the	 chloroplast	 or	 MSL2	
can	move	 to	 the	mitochondrion.	Dual	 targeting	 to	 both	 the	mito-
chondria	 and	 the	 chloroplast	 has	 been	 observed	 for	 many	 plant	
proteins	 but	 is	 difficult	 to	 predict	 (Carrie	 &	 Whelan,	 2013;	 Xu,	




tion	of	 heteromeric	 channels,	which	might	 explain	 cross-	organelle	 
effects	 with	 very	 low	 levels	 of	 dual-	targeted	 proteins.	 However,	
in	 our	 mbSUS	 experiments,	 we	 did	 not	 observe	 any	 interactions	 
between	MSL1	and	MSL2	or	MSL3,	 though	we	did	 see	 robust	 in-
teraction	 between	 MSL2	 and	 MSL2,	 and	 also	 strong	 interaction	
between	MSL2	and	MSL3	(Figure	6).	Whether	MSL3	forms	a	homo-
meric	 channel	 or	 is	 only	 able	 to	 form	 a	 heteromeric	 channel	with	
MSL2	 remains	 to	 be	 determined.	 Taken	 together,	 these	 data	 sug-
gest	that	the	observed	genetic	interactions	between	MSL1,	MSL2,	























clear.	 In	 the	 case	of	 the	 root	 phenotypes,	we	note	 that	msl1 msl2 
msl3	seedlings	were	larger	than	msl2 msl3	seedlings	(Figure	5).	 It	 is	
possible	that	the	higher	root	 length	and	number	of	 lateral	roots	 in	
msl1 msl2 msl3	may	be	an	indirect	effect	of	larger	seedling	size.	Our	
current	working	 hypothesis	 is	 that	msl2 msl3	mutant	 plastids	 pro-
duce	or	potentiate	an	osmotic	stress	signal	that	requires	MSL1	func-
tion	 in	 the	mitochondria	 for	 its	production	or	action.	When	MSL1	
is	absent,	the	osmotic	stress	signal	generated	in	the	plastids	 is	not	

































or	 exacerbate	 the	developmental	 effects	of	plastid	osmotic	 stress	
observed	 in	 the	msl2 msl3	mutant.	We	hypothesize	a	 signaling	 re-
lationship	between	the	two	organelles	that	 impacts	a	range	of	de-
velopmental	processes,	 from	cell	 identity	at	 the	shoot	apex	to	the	
elaboration	of	 lateral	 roots.	Additional	experiments	are	needed	 to	
determine	how	osmotically	stressed	plastids	lead	to	these	develop-
mental	phenotypes,	 and	why	many	of	 them	are	modulated	by	 the	
presence	of	mitochondrial	MSL1.
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